Interpopulation variation in the diet of the wood mouse, Apode mus sylvaticus, is well documented. In this study, we examined the gut morphology and apparent absorption efficiencies of two populations of wood mice whose diet in the field was known to differ. One population inhabited sand dunes, where food avail ability was relatively low and the diet was dominated by inverte brates. The other population lived in deciduous woodland, with greater food availability and a diet consisting primarily of seeds. Wood mice from the woodland had longer small intestines and total digestive tract lengths than mice from the sand dunes. How ever, these differences had no effect on the apparent absorption efficiencies of dry mass or energy when the mice were fed meal worms, wheat grain, or All-Bran diets (apparent energy absorp tion efficiencies of 88%, 89%, and 65%, respectively). The popula tion differences in gut morphometry may be linked to different resource availabilities at the two field sites.
Introduction
The rate and efficiency of energy acquisition have been pro posed as major constraints on energy budgets (Nagy 1983) . A number of environmental factors potentially limit the acquisi tion of energy, in particular food availability and food quality. In addition to these extrinsic constraints, animals may be lim ited by intrinsic factors such as morphology and physiology of ' To whom correspondence should be addressed; E-mail: ).Speakman@abdn .ac.uk. the gut, which may determine both the absorption efficiency and the rates of nutrient and energy uptake (see, e.g., Ham mond and Diamond 1992; Weiner 1992) . For example, the presence of enzymes to break down particular dietary compo nents, the surface-area-to-volume ratio of the gut, and the density of sites where active transport of substances can occur are all factors reflecting gut physiology and morphology that may potentially influence energy uptake.
Intraspecific studies of rodents have shown that gut morphol ogy may be modified in response to changes in food quality, feeding habits, and energy requirements, presumably to maximize energy uptake. In general, an increased energy demand or reduc tion in food quality results in an increase in gut length and capacity (Gross et al. 1985; Hammond and Wunder 1991) . It is not surprising, therefore, that seasonal changes in gut morphology have also been reported (Bozinovic et al. 1990; Hammond 1993) . The effects of differences in gut morphology on the absorption of different food types, however, is seldom tested. This could be achieved, for example, by feeding animals with varying gut morphology diets that they do not habitually eat.
Although the wood mouse (Apodemus sylvaticusi is often considered a typical granivore (Hansson 1985) , it will readily consume other food types, including invertebrates, fruits, and green plants, when seed availability is low because of seasonal fluctuations or differences in habitat (Montgomery and Mont gomery 1990; Rogers and Gorman 1995) . The diet of wood mice on sand dunes in northeast Scotland is dominated by invertebrates, especially Coleoptera and Oligo chaeta (Zubaid and Gorman 1991) . In contrast, the wood mice living in decid uous woodland eat mainly seeds and other plant material (Gor man and Akbar 1993). Food availability (dry mass) is lower on the sand dunes when compared with that of the woodland, and seed availability is particularly poor, at less than 1% of that of woodland levels (Gorman and Akbar 1993) .
We had two aims in this study. First, we aimed to examine whether adult male wood mice from two populations, whose diet was known to differ, had associated variation in gut mor phology. The second aim was to establish whether the mice from different populations varied in their efficiency to digest various food types.
Material and Methods

Morphometry
Livetrapping in Longworth traps was used to monitor the pop ulation dynamics of the two populations of wood mice, be tween December 1990 and November 1991. The sand dune and woodland sites were in the Grampian Region of Scotland (57 0 N) and were approximately 15 km apart. On occasion, trap deaths occurred, and these animals were dissected for morphometric measurements. As a consequence of the time between an animal's death and its dissection, histological exam ination of the gastrointestinal tract was not possible. Instead, we used measurements of gut lengths in these analyses, which were unlikely to be affected by time of death.
The gastrointestinal tract was removed and separated into stomach (from cardiac to pyloric sphincters), small intestine (from pyloric to ileocolic sphincters), caecum, and large intes tine (from caecum to anal sphincter). The elongated but un stretched length of each section was measured to the nearest 1 mm. The total intestinal length was estimated by summing the lengths of the small intestine, caecum, and large intestine.
Absorption Efficiency
Adult male wood mice from the woodland (n = 12) and from the sand dunes (n = 10), with body masses ranging from 15.2 g to 27.2 g, were caught in the field between March and November 1991. These animals were brought to the laboratory where they were housed individually in cages measuring 50 X 20 X 15 cm and supplied with nesting material, food, and water ad lib. The woodland mice were provided with wheat grain and the sand dune mice with mealworms (Tenebrio sp.), the experimental food types closest to their natural diets. Ani mals were held outside and thus experienced natural photope riod and ambient temperatures.
Wood mice were fed the food type most similar to their natural diet for 24 h. This period ensured that remains of food taken before capture had been evacnated and that the feces recovered during the subsequent experiment originated from the test foods.
Stage 1: Food Type 1. Individuals were weighed to the nearest 0.01 g and transferred to plastic cages (47 X 30 X 12 ern) that contained a plastic nest box but no bedding material. The ambient temperature was maintained at 22 0 ± 2°C with an infrared lamp. Water and a known (±0.1 mg) excess mass of test food were provided. To overcome any problems dne to evaporation' of water from food during the experiment, a dry mass equivalent was estimated. To achieve this, a control sam ple of the food was weighed before being frozen for storage at -lODe. After 24 h, the mouse was reweighed, the remaining food and feces were collected and weighed (±0.1 mg), and the complete samples were frozen and stored in a freezer at -lODe. This procedure was repeated for 2-3 d, thus providing two to three daily estimates. Before being reweighed, all frozen food and fecal samples were freeze-dried until constant mass was reached (4-5 d).
Stage 2: Food Type 2. Wood mice were returned to cages with bedding and water, but the food supplied was changed so that each animal was fed the food most different from its natural diet. After 24 h, animals were ready to begin the second stage of the experiment, which involved repeating stage 1, with the alternative food type.
Stage 3: Food Type 3. To further investigate site differences in absorption efficiencies, seven woodland and six sand dune mice with body masses of 14.9-27.4 g were captured between March and June (1992) and fed on a bulky high-fibre diet (All-Bran, Kellogg's). The protein, sugar, starch, and fibre contents of this diet were 14, 18,28, and 24 g (l00 g wet mass)-l, respectively (manufacturer's specifications). The protocol followed was the same as described above for stage 1, repeated for 3 d. The rapid switching of foods and relatively short duration spent feeding on each prey type was designed so that the mice had little opportunity for phenotypic modification in response to the changed diets.
Apparent Dry-Mass Absorption Efficiel1cy. The relationship be tween wet and dry mass of the control sample of each food was used to estimate the dry mass of food presented to the wood mice. Hence, the dry mass consumed could be deter mined by subtracting the observed dry mass of food remaining from the calculated dry mass of food presented. The apparent dry-J.llassabsorption efficiency was calculated as the proportion of dry mass apparently absorbed during digestion (apparent dry-mass absorption efficiency = [dry mass ingested -dry mass egestedj/dry mass ingested).
Apparent Energy Absorption Efficiel1cy. The energy contents of dry samples of the three experimental food types and feces produced by mice feeding on the three types of food were determined with an adiabatic bomb calorimeter (CB-II0, Gal lenkamp) using benzoic acid as a standard. All feces produced per animal over the 2-3-d experimental period were pooled for each food type to obtain a sufficient sample for processing. In most cases, the pooled fecal sample was large enough for a replicate to be measured. The apparent energy absorption efficiency was calculated as the proportion of energy apparently absorbed during digestion (apparent energy absorption effi ciency = [energy ingested -energy egested]/energy ingested).
The apparent energy and dry-mass absorption efficiencies express the net mass and energy uptake by the process of digestion. True digestibilities will be higher than the apparent digestibilities because the fecal material includes not only undi gested remains of food ingested but also the remains of secre tions into the gut and bacteria derived from the gut.
Results
Morphometry
The morphometric data for the 1\\'0 populations are shown in Table 1 . ANCOVA (with body mass entered as a covariate) to 
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Note. The values are means ± standard errors.
; Significant difference between sites (ANCOVA, P < 0.05).
compare gut lengths between seasons (April-September vs. October-March) and sites (both entered as factors) was pre cluded because of low sample sizes in each site by season. As data were balanced across seasons, multiple comparisons were made using restricted ANCOVAs. All data were pooled, and effects resulting from season and site were examined indepen dently. Body mass had no significant effect on the lengths of sections of the gastrointestinal tract (Model I linear regressions, P > 0.05 in all cases, including log-converted data). There was no significant difference in gut lengths across seasons (ANCOVA, P > 0.05 all comparisons); however, there were significant site effects. Wood mice from the sand dunes, which naturally feed on an invertebrate diet, had significantly shorter total intestinal tracts by on average 94.7 mm (ANCOVA, F l , 17 = 6.81, P = 0.018). This difference was almost entirely due to the difference in the length of the small intestine, which aver aged 93.6 mm (ANCOVA, F l , 17 = 11.96, P = 0.003). Other sections of the gastrointestinal tract did not differ in length between animals from the two sites.
DIy Mass ana Energy Content of Food and Feces
It was inappropriate to test the multiple sample hypothesis that site and diet affected the parameters measured by simple or repeated-measures ANOV A because only part of the design included repeated measures. The same individuals were fed mealworm and grain diets; consequently, multiple paired t tests were used to compare measured parameters between these diets. Unpaired r-tests were used for comparisons between AlI Bran-fed mice and mice fed the other two diets, because the wood mice fed All-Bran were different individuals. This testing is likely to be liberal, because we made repeated tests within each data set, with no adjustment of the significance levels to account for the repeated testing. To compensate for this, effects were regarded as significant only when P < 0.01 and as margin ally significant when 0.0] < P < 0.05. The energy densities (energy content per gram) of the food and feces were deter mined for the three experimental diets (Table 2 ). There were significant differences between the energy densities of the three foods (ANOVA, F,,19 = 201.36, P < 0.01), with mealworms highest, All-Bran intermediate, and wheat grain lowest (Tukey, P < 0.05 in all pairwise comparisons). However, the energy density of feces remained constant across the three diets for mice from both sites (r-tests, P> 0.11 in all cases). There was no significant difference in the dry mass of food consumed or feces produced (Table 2) , irrespective of diet type, between wood mice from the two sites (r-tests, P> 0.1 in all cases).
Wood mice from both sites showed a significant increase in the dry mass consumed and in dry mass and total energy voided in feces when on a wheat grain diet compared with a mealworm diet (paired r-tests, P < 0.02 in all cases). On a diet of All-Bran, there was a marked increase in the dry mass of feces produced and total energy voided compared with the other two diets (r-tests, P < 0.005 in all cases). In addition, a greater dry mass of food was consumed than on the meal worm diet (r-tests: sand dune, t, = 3.49, P = 0.017; woodland, 11 = 4.44, P = 0.0043). Although sand dune mice consumed less All-Bran than wheat grain (r-test, t.; = 3.13, P = 0.011), there was no difference in the amounts consumed by woodland animals (r-test, t l 6 = 1.24, P = 0.23).
Apparent Absorption Efficiency
To compare apparent absorption efficiencies, expressed as pro portions, values were normalized by arcsine transformation before further statistical testing (Zar 1984) .
Apparent Dry-Mass Absorption Efficiency. There were no site differences in apparent dry-mass absorption efficiency of any food type (Table 2 ). The apparent dry-mass absorption effi ciency of All-Bran was significantly lower than the other food types (r-tests, P < 0.0001 in all cases), and mealworms had significantly lower apparent dry-mass absorption efficiency than wheat grain (paired r-test: sand dune, tlO = 5.59, P = 0.0003; woodland, til = 5.33, P = 0.0003).
Apparent Energy Absorption Efficiency. Site from which the ani mals originated had no significant effect on the apparent energy absorption efficiency for any food type investigated ( Table 2) . The apparent energy absorption efficiency of All-Bran was sig nificantly lower than the other food types (r-tests, P < 0.0001 in all cases). There were no significant differences between the apparent energy absorption efficiency of mealworms and wheat grain for wood mice Jiving on sand dunes (paired r-test, t 9 = 0.37, P = 0.72). However, mice from the woodland fed a wheat-grain diet had a marginally significantly greater apparent energy absorption efficiency than when fed a mealworm diet (paired r-test, tll = 2.41, P = 0.036).
Discussion
Various species of Apodemus, fed a variety of natural foods, have been previously reported to. have high dry-mass digestioil ities (apparent dry-mass absorption efficiency), ranging from 82.3% for acorns to 91.7% for oats (Drozdz 1968) . In this study, the dry-mass absorption efficiencies of wheat grain (ca. 90%) and mealworms (ca. 85%) were similar to those values for natural foods. Although the apparent dry-mass absorption efficiency of All-Bran (67%) was lower than has been pre viously measured for Apodemus fed natural diets, it compares well with values for other rodents 011 high-fibre diets, for exam ple, Microtus ochrogaster (Hammond and Wunder 1991) . The efficiency of wood mice in digesting mealworms was similar to that of insectivorous bats (Speakman and Racey 1989; Bar clay et al. 1991) , soricine shrews (Aitchinson 1987) , and lizards (Nagy 1983 ) feeding on arthropod prey.
Our measurements of wood mice that died during trapping indicated that mice in the woodland site had longer small intestines and overall longer total gut lengths than mice from the sand dune habitat. Animals that die in traps may be a biased sample of the populations under study. However, it seems unlikely that trapping biases would be so different at the two sites that they would produce such a large difference in the observed lengths of the gut. The implication is that these morphological differences represent an adaptive response to the different diets consumed by the animals at the two sites. Previous interspecific comparisons have also revealed greater total gut lengths in granivorous small mammals compared with omnivores (Schieck and Millar 1985; Lee and Houston 1993) . However, the major difference between species in these previ ous comparisons is the length of the large intestine, which is involved in breakdown and absorption of more fibrous foods. In the mice we studied, the large intestine and caecum lengths did not differ significantly between the two populations (Table  1) . Given the similar lengths of the hindgut in the two popula tions, it is perhaps not surprising that the absorption efficien cies for the different prey also did not differ between the groups. Differences in the length of the small intestine between these populations were clearly not linked to improved effi ciency at digesting their habitual prey.
Intraspecific variability in the length of the small intestine 614 N. Corp, M. L. Gorman, and J. R. Speakman has been connected to variation in the energy demands placed on animals (Gross et al. 1985; Green and Millar 1987) , with increased demands leading to hypertrophy. For the populations in this study, however, it seems unlikely that woodland mice had greater energy demands than sand dune mice. Sand dune mice exploit a very sparse resource, with the consequence that they range over areas that are on average 25 -50 times greater than those exploited by woodland mice, they travel three to four times farther each night at significantly faster speeds, and they are active for significantly longer (Corp et al. 1997) . A more likely possible explanation for the difference is that wood land mice, which exploit a much denser resource (Gorman and Akbar 1993) , have a greater foregut capacity to allow them to ingest large amounts of food relatively rapidly. In other words, foregut capacity may limit food intake in the woodland, where food is plentiful, but it is unlikely to in the sand dunes where food is sparse.
